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ABSTRACT Ryanodine is a plant alkaloid that was originally used as an insecticide. To study the function and regulation of
the ryanodine receptor (RyR) from insect cells, we have cloned the entire cDNA sequence of RyR from the fruit fly Drosophila
melanogaster. The primary sequence of the Drosophila RyR contains 5134 amino acids, which shares 45% identity with
RyRs from mammalian cells, with a large cytoplasmic domain at the amino-terminal end and a small transmembrane domain
at the carboxyl-terminal end. To characterize the Ca2 release channel activity of the cloned Drosophila RyR, we expressed
both full-length and a deletion mutant of Drosophila RyR lacking amino acids 277-3650 (Drosophila RyR-C) in Chinese
hamster ovary cells. For subcellular localization of the expressed Drosophila RyR and Drosophila RyR-C proteins, green
fluorescent protein (GFP)-Drosophila RyR and GFP-Drosophila RyR-C fusion constructs were generated. Confocal micro-
scopic imaging identified GFP-Drosophila RyR and GFP-Drosophila RyR-C on the endoplasmic reticulum membranes of
transfected cells. Upon reconstitution into the lipid bilayer membrane, Drosophila RyR-C formed a large conductance
cation-selective channel, which was sensitive to modulation by ryanodine. Opening of the Drosophila RyR-C channel required
the presence of M concentration of Ca2 in the cytosolic solution, but the channel was insensitive to inhibition by Ca2 at
concentrations as high as 20 mM. Our data are consistent with our previous observation with the mammalian RyR that the
conduction pore of the calcium release channel resides within the carboxyl-terminal end of the protein and further demon-
strate that structural and functional features are essentially shared by mammalian and insect RyRs.
INTRODUCTION
Ryanodine is a neutral alkaloid isolated from the stem
woods of the plant Ryania speciosa Vahl (Jenden and
Fairhurst, 1969). It is a muscle-paralyzing agent that has
been used as a botanical insecticide for over 50 years
(Pepper and Carruth, 1945; Schmitt et al., 1997). The target
site for ryanodine or ryanodine receptor (RyR) is located on
the sarcoplasmic reticulum (SR) membrane of muscle cells,
where it functions as a Ca2 release channel and mediates
the Ca2 release process from the SR membranes in re-
sponse to excitation of the surface membrane (Fleischer and
Inui, 1989; McPherson and Campbell, 1993; Sutko and
Airey, 1996). Ryanodine has a biphasic, concentration-de-
pendent effect on the RyR/Ca2 release channel of mam-
malian muscles; at nanomolar concentrations it opens the
channel or locks it in the open state, and at micromolar
concentrations it closes the channel (Meissner, 1984;
Witcher et al., 1994). The problem with using ryanodine as
an insecticide is that it is toxic to both insects and mammals,
and that it can have a muscle-paralyzing effect in humans.
Current research focuses on finding a specific derivative of
ryanodine, such as ryanodol or pyridyl ryanodine, with high
toxic effects on insects and, at the same time, low toxicity
for mammals (Waterhouse et al., 1987; Usherwood and
Vais, 1995; Welch et al., 1996, 1997; Bidasee and Besch,
1998). Searching or design of a potent analog of ryanodine
with high species specificity would require molecular un-
derstanding of the function and regulation of RyR present in
the insect cells.
Mammalian cells express three isoforms of RyR, i.e.,
RyR1, which is mainly present in the skeletal muscle; RyR2
present in the cardiac muscle; and RyR3, referred to as the
brain isoform (Takeshima et al., 1989; Otsu et al., 1990;
Hakamata et al., 1992). These three isoforms are remarkably
similar in primary structure (66% sequence identity), con-
sisting of 5000 amino acids (560 kDa), with a mem-
brane-spanning domain at the carboxyl-terminal end and a
hydrophilic domain at the amino-terminal end (Wagen-
knecht et al., 1989). The carboxyl-terminal domain is pre-
dicted to contain 4–12 transmembrane segments, encom-
passing about one-fifth of the protein size, and forms the
putative pore of the Ca2 release channel (Takeshima 1993;
Bhat et al., 1997b). The large amino-terminal portion of
RyR1 extends into the cytoplasm, presumably contains the
binding sites for modulators of the Ca2 release channel,
and provides the link with the voltage sensor located in the
surface membrane. The binding site(s) for ryanodine,
though, is located on the carboxyl-terminal portion of RyR,
i.e., within or close to the pore region of the Ca2 release
channel (Witcher et al., 1994; Callaway et al., 1994).
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Muscle cells from different insect species also contain
abundant amounts of receptor sites for ryanodine (Schmitt
et al., 1997; Waterhouse et al., 1987). In Drosophila, the
ryanodine receptor appears to be expressed during the early
stages of embryonic development as well as in the adult
tissues of the muscle and nervous systems (Hasan and
Rosbash, 1992). Using degenerate cDNA probes from the
mammalian isoforms of RyR, Takeshima and colleagues
have identified the entire genomic DNA sequence of the
Drosophila RyR from D. melanogaster (Takeshima et al.,
1994). Computer analysis predicted that this gene contains
26 exons, comprising the protein-coding sequence for RyR,
and the deduced primary amino acid sequence that is45%
homologous to the mammalian isoforms of RyRs. The car-
boxyl-terminal portion of Drosophila RyR is highly con-
served and shows over 90% homology with the correspond-
ing region of mammalian isoforms of RyRs.
To study the function and regulation of the insect Ca2
release channel, we have isolated the complementary DNA
sequence coding for Drosophila RyR, using a combination
of cDNA library screening and reverse transcriptase-poly-
merase chain reaction (RT-PCR) methods. The complete
cDNA has 15,402 base pairs corresponding to the protein-
coding sequence of Drosophila RyR. The cDNAs encoding
the full length or a deletion mutant of Drosophila RyR
(Drosophila RyR-C, lacking a.a. 277-3650) were expressed
in Chinese hamster ovary cells. After transient expression,
microsomal membrane vesicles were isolated and incorpo-
rated into the lipid bilayer membranes for the measurement
of single Ca2 release channel activities. Our data show that
the carboxyl-terminal portion of Drosophila RyR forms a
functional Ca2 release channel with properties similar to
those of the Ca2 release channel formed by the carboxyl-
terminal portion of the mammalian skeletal muscle RyR
(Bhat et al., 1997a,b).
EXPERIMENTAL PROCEDURES
Cloning of Drosophila melanogaster ryanodine
receptor cDNA
A combination of RT-PCR and cDNA library screening was
employed to isolate the entire protein coding cDNA se-
quence of the Drosophila RyR. For RT-PCR, poly(A)
RNA from Drosophila melanogaster (Clontech) was used
to generate the first- and second-strand cDNA, using the
cDNA synthesis kit (Gibco BRL, Gaithersburg, MD) ac-
cording to the manufacturer’s instructions. Based on the
availability of the convenient endonuclease restriction sites,
five pairs of primers were designed according to the pub-
lished genomic DNA sequence of the Drosophila RyR
(Takeshima et al., 1994) (see Table 1). SacII and NheI
restriction sites were included in the PCR I-1F primer for
ease of subcloning. In addition, a silent mutation was intro-
duced into the PCR-VF and PCR-IVB primers to change the
restriction site for NheI into one for SpeI (GACTAGTC;
mutated bases are in boldface) for later subcloning. Using
these primers, we generated five PCR fragments (PCR I-1,
PCR I-2, PCR II, PCR III, and PCR IV) encoding most of
the amino-terminal portion of the Drosophila RyR.
TABLE 1 Sequences of PCR primers for Drosophila RyR cDNA RT-PCR cloning
Primer name Sequences
PCR
products
PCR I-1F 5-TCCCGCGGCTAGCCACCATGGCTGAGGCGGAGGGAGG-3 PCR I-1
SacII NheI
PCR I-1B 5-CGTCCACCACTAGTGTTTTGCGACC-3
SpeI
PCR I-2F 5-GGTCGCAAAACACTAGTGGTGGAC-3 PCR I-2
SpeI
PCR I-2B 5-GAAGAACTTAAAGGGGCTGCGG-3
NotI
PCR IIF 5-GATGACAAGAAGAAGCGCGG-3 PCR II
NotI
PCR IIB 5-TCTTTTCTAGATAGTGTTCC-3
XbaI
PCR IIIF 5-ACACTATCTAGAAAAGATCG-3 PCR III
XbaI
PCR IIIB 5-AACTTGATGTCCCGGGTGGC-3
SmaI
PCR IVF 5-CTTTAAGACGGCCACCCGGG-3 PCR IV
SmaI
PCR IVB 5-ATACTTGGCTAGCCACTTGG-3
NheI
PCR VF 5-CGAAGTGACTAGTCAAGTATTTAACACCC-3 PCR V
SpeI
PCR VB 5-ACGCGTCGACGTTTAAAC TTAGCCGCCGCCGCCTCCGC-3
SalI PmeI
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The cDNA sequence coding for the carboxyl-terminal
portion of the Drosophila RyR (PCR V) (nt 12,283 to
15,405) was isolated by screening the oligo(dT) and random
primed cDNA library for D. melanogaster (Clontech). A
XhoI (12,360)/EcoRV (15,027) fragment derived from the
genomic clone DRRG-2 (Takeshima et al., 1994) was used
as a probe for screening, which yielded nine clones. De-
tailed restriction analysis revealed that these clones con-
tained cDNA fragments common to the 3 terminal region
of the Drosophila RyR cDNA. Among the nine overlapping
clones, two (DRR922 and DRR510) were subcloned into
pBluescript SK () to yield a cDNA fragment from nt
12,283 to nt 15,405. This cDNA fragment was used as a
template to generate a PCR product (PCR-V; for primers
see Table 1), in which the restriction site for NheI (nt 12,
283) was changed into a site for SpeI (see above).
The cDNA fragments generated by RT-PCR and by
cDNA library screening were subcloned into the pBlue-
script SK () vector and were analyzed by restriction
endonuclease digestion and DNA sequencing analysis. PCR
I-1 and PCR I-2 were joined together at a SpeI site between
SacII and NotI restriction sites to generate PCR I; PCR II
and PCR III were joined at a XbaI site between NotI and
SmaI sites to generate PCR II-III; PCR IV and PCR V were
joined together at NheI and SpeI sites between SmaI and
EcoRI sites to form PCR IV-V. And PCR I and PCR II-III
were ligated together between SacII and SmaI restriction
sites to produce PCR I-III. The full-length Drosophila RyR
cDNA was finally cloned into the pcDNA 3.1 expression
vector (Invitrogen, San Diego, CA) by ligating PCR I-III
and PCR IV-V into pcDNA 3.1 between NheI and EcoRI
restriction sites. All PCR reactions were performed using
Pfu DNA polymerase (Stratagene, Foster City, CA). The
resulting plasmid is named pcDNA3.1 (Drosophila RyR).
The sequence of the entire Drosophila RyR cDNA was
determined using 41 sets of sequencing primers. The dif-
ferences in the sequence between cloned Drosophila RyR
cDNA and the published sequence of the Drosophila RyR
derived from a genomic clone (Takeshima et al., 1994) are
listed in Table 2.
Subcloning of Drosophila RyR cDNA
The Drosophila RyR cDNA contains four restriction sites
for KpnI (nt 828, 8,700, 9,839, and 10,953), and the
pcDNA3.1 vector contains one restriction site for KpnI
(after the 3 terminal end of the Drosophila RyR cDNA).
Through digestion of pcDNA3.1 (Drosophila RyR) with
KpnI and religation, an in-frame deletion mutant of Dro-
sophila RyR was generated which lacked nucleotides 829
through 10,952. This plasmid is named pcDNA3.1 (Dro-
sophila RyR-C). Drosophila RyR-C contains 1484 amino
acids in the carboxyl-terminal end plus the first 276 amino
acids in the amino-terminal end of Drosophila RyR.
To identify the subcellular distribution of Drosophila
RyR expressed in Chinese hamster ovary (CHO) cells,
green fluorescent protein (GFP) fusion constructs were gen-
erated. First, the GFP-Drosophila RyR-C construct was
generated by cloning a 4.5-kb KpnI (10,953)/EcoRI
TABLE 2 Comparison of nucleotide and amino acid sequences deduced from genomic DNA and cloned cDNA of
Drosophila RyR
Original sequence
of Takeshima et
al. (1994)
Base pair
(site)
AAC
(325)
AGC
(407)
GAG
(679)
GCT
(916)
GTC
(1041)
ACG
(1200)
CTG
(3984)
CAG
(6093)
CCA
(6186)
GAA
(7240)
AGT
(7646)
CAG
(9641)
Amino acid
(site)
N
(109)
S
(136)
E
(227)
A
(306)
V
(347)
T
(400)
L
(1328)
Q
(2031)
P
(2062)
E
(2414)
S
(2549)
Q
(3213)
Cloned sequence
of Drosophila
RyR cDNA
Base pair
(site)
CAC
(325)
ACC
(407)
AAG
(679)
TCT
(916)
GTT
(1041)
ACA
(1200)
CTA
(3984)
CAA
(6093)
CCG
(6186)
CAA
(7240)
ATT
(7646)
CTG
(9641)
Amino acid
(site)
H
(109)
T
(136)
K
(227)
S
(306)
V
(347)
T
(400)
L
(1328)
Q
(2031)
P
(2062)
Q
(2414)
I
(2549)
L
(3213)
Original sequence
of Takeshima et
al. (1994)
Base pair
(site)
GGC
(10079)
G
ˆ
GT
(11969)
AGC
(12264)
ATT
(12284)
GCT
(13131)
TTT
(13380)
CCC
(13548)
GGC
(14094)
GCT
(14337)
Amino acid
(site)
G
(3360)
G
(3990)
S
(4088)
I
(4095)
A
(4377)
F
(4460)
P
(4516)
G
(4698)
A
(4779)
Cloned sequence
of Drosophila
RyR cDNA
BASE
PAIR (site)
GCC
(10079)
GAG TAT ATT CCG
AGT GCG GGT GCA
GGT (11969–11992, 24
base pair insert)
AGT*
(12288)
ACT
(12308)
GCC
(13155)
TTC
(13404)
CCG
(13572)
GGG
(14118)
GCA
(14361)
Amino acid
(site)
A
(3360)
E Y I P S A G A (3990–
3997, 8 a.a. insert)
S
(4096)
T
(4103)
A
(4385)
F
(4468)
P
(4524)
G
(4706)
A
(4787)
Silent mutations without amino acid substitutions at 11 positions are found between the sequences derived from a cDNA library and the sequence deduced
from the Drosophila RyR gene, and thus these mutations are likely due to polymorphism. In contrast, several mutations accompanying amino acid
substitutions found between sequences derived from RT-PCR and deduced from the Drosophila RyR gene are probably due to errors in PCR. However,
the insertion of eight amino acid residues at 3990 represents the correct primary sequence of Drosophila RyR because this mutation can be explained by
misassignment of intron 22 in the previous report (Takeshima et al., 1994). One of the silent mutations labeled with * was designed for subcloning.
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(15,408) fragment encoding the carboxyl-terminal 1484
amino acids of the Drosophila RyR behind the 3 terminal
end of GFP. Second, the GFP sequence was linked to the 5
terminal end of the full-length Drosophila RyR, to generate
the GFP-Drosophila RyR construct. Both fusion constructs
were cloned into the pcDNA3 expression vector (Invitrogen).
Transient expression of Drosophila RyR in
CHO cells
CHO cells were grown at 37°C and 5% CO2 in Ham’s F-12
medium supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 g/ml streptomycin. The transfec-
tion of cells with the expression plasmids pcDNA3.1 (Dro-
sophila RyR-C), pcDNA3.1 (Drosophila RyR), pcDNA3
(GFP-Drosophila RyR-C), or pcDNA3 (GFP-Drosophila
RyR) was carried out using LipofectAmine reagent (Gibco)
at 60–70% of cell confluence (Bhat et al., 1997a,b). The
cells transfected with Drosophila RyR-C or GFP-Drosoph-
ila RyR-C were selected with G418 (0.5 mg/ml)48 h after
transfection, as in our previous studies (Bhat et al.,
1997a–c, 1999). Because of the transient nature of the
expression of the full-length Drosophila RyR in CHO cells,
the cells transfected with Drosophila RyR or GFP-Drosoph-
ila RyR were harvested 24–36 h after transfection.
Western blot of GFP-Drosophila RyR and
GFP-Drosophila RyR-C
CHO cells transfected with pcDNA3(GFP-Drosophila
RyR) or pcDNA3(GFP-Drosophila RyR-C) were harvested
and washed twice with ice-cold phosphate-buffered saline
and lysed with ice-cold modified RIPA buffer (150 mM
NaCl, 50 mM Tris-Cl (pH 8.0), 1 mM EGTA, 1% Triton
X-100, 0.1% sodium dodecyl sulfate (SDS), 1% sodium
deoxycholate) in the presence of protease inhibitors (Bhat et
al., 1997c). The proteins in the whole cell lysate were mixed
with the sample buffer (200 mM Tris-Cl (pH 6.7), 9% SDS,
6% -mercaptoethanol, 15% glycerol, 0.01% bromophenol
blue) and separated on a 3–12% gradient SDS-polyacryl-
amide gel after the samples were heated at 85°C for 5 min.
The proteins were then transferred to a polyvinylidene di-
fluoride membrane and blotted with a polyclonal antibody
against GFP (Clontech) and horseradish peroxidase-linked
secondary antibody, using the enhanced chemiluminescence
detection system (Amersham, Arlington Heights, IL).
Confocal imaging of GFP-Drosophila RyR-C and
GFP-Drosophila RyR
CHO cells grown on coverslips were transfected with plas-
mids for GFP alone (pEGFP-N1, Clontech), pcDNA3(GFP-
Drosophila RyR-C), or pcDNA3(GFP-Drosophila RyR),
using the LipofectAmine reagent. Twenty-six hours after
transfection, the cells were fixed with 4% paraformalde-
hyde. The green fluorescent signals were examined using a
Zeiss laser scanning confocal microscope (LSM 410) with a
100 oil immersion objective (Bhat et al., 1997c).
Northern blot analysis
Total RNA was isolated from parental or transfected CHO
cells, using the TRIzol reagent (Gibco BRL). RNA (25 g)
of various samples was separated on a 0.8% agarose-form-
aldehyde gel and transferred onto a GeneScreen Plus mem-
brane (Dupont, Boston, MA). The RNAs were cross-linked
by baking the membrane for 30 min at 80°C. A 4.1-kb KpnI
(10,953)/EcoRV (15,024) fragment of Drosophila RyR re-
leased from pcDNA3.1(Drosophila RyR) was used as the
cDNA probe, which was radiolabeled with [-32P]dCTP,
using a Prime-It II random primer labeling kit (Stratagene,
Foster City, CA). The RNA on the membrane was hybridized
with the probe for 24 h at 42°C in the hybridization solution
containing 6 standard saline citrate, 50% formamide, 0.5%
SDS, and 5 Denhardt’s solution. X-ray film was exposed to
the membrane at 70°C and developed 16 h later.
Isolation of microsomal membrane vesicles from
CHO cells expressing Drosophila RyR
CHO cells expressing Drosophila RyR-C or the full-length
Drosophila RyR were harvested with versene solution (137
mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4
(pH 7.2), and 0.5 mM EDTA), followed by two washes with
ice-cold phosphate-buffered saline. The cell pellet (600 g,
5 min) was resuspended in ice-cold hypotonic lysis buffer (1
mM EDTA, 5 M diisopropyl fluorophosphate, 10 g/ml
pepstatin A, 10 g/ml aprotinin, 10 mg/ml benzamidine, 10
mM HEPES, pH 7.4) and incubated on ice, using nitrogen
cavitation (400 pSi for 15 min). After lysis, the cells were
homogenized on ice with 10 strokes in a tight-fitting glass
Dounce homogenizer, followed by 15 strokes after the ad-
dition of an equal volume of restoration buffer (500 mM
sucrose, 10 mM HEPES, pH 7.2). Microsomes were col-
lected by centrifugation of postnuclear supernatant
(10,000  g, 15 min) at 100,000  g for 45 min. The pellet
was resuspended in a buffer containing 250 mM sucrose, 10
mM HEPES-Tris (pH 7.2). The membrane vesicles were
stored at a protein concentration of 2–6 mg/ml at 70°C
until they were used.
Reconstitution of Drosophila RyR-C channels in
lipid bilayer membrane
Lipid bilayer membranes were formed across an aperture
200 m in diameter by the Muller-Rudin method, with a
mixture of phosphatidylethanolamine:phosphatidylserine:
cholesterol (6:6:1); the lipids were dissolved in decane at a
concentration of 40 mg lipid/ml decane (Ma et al., 1994).
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Single Ca2 release channels in the bilayer were incorpo-
rated by the addition of microsome membranes from cells
expressing Drosophila RyR-C or Drosophila RyR to the
cis-solution under a concentration gradient of 200 mM
Cs-gluconate in cis-solution/50 mM Cs-gluconate in trans-
solution. In experiments to determine the divalent cation
selectivity of the Drosophila RyR-C channel, Cs-gluconate
was replaced with Cs-methane sulfonate (Cs-MES). The
free Ca2 concentration in both solutions was buffered with
1 mM EGTA and measured with a Ca2-sensitive electrode
(Orion, Boston, MA).
Single-channel recordings were made with an Axopatch
200A patch-clamp unit (Axon Instruments, Foster City,
CA). Data acquisition and pulse generation were performed
with an IBM computer and a 1200 Digitdata A/D-D/A
converter (Axon Instruments). The offset potential across
the bilayer was determined at the end of each experiment,
and this value was used to determine the nonconducting
baseline and for other data analysis. Single-channel data
were analyzed with pClamp7 software, Sigma plot, and
custom programs.
RESULTS
cDNA construction of the Drosophila
ryanodine receptor
RT-PCR and cDNA library screening were used to amplify
the entire coding sequence of the Drosophila ryanodine
receptor (Drosophila RyR) cDNA from D. melanogaster.
Using forward and backward primers based on the pub-
lished genomic DNA sequence of Drosophila RyR (Table
1), we obtained and sequenced six overlapping cDNA frag-
ments (Fig. 1). The entire protein-coding sequence of the
Drosophila RyR cDNA contains 15,405 base pairs, with a
deduced amino acid sequence identical to that predicted by
the genomic DNA sequence reported by Takeshima et al.
(1994), except for one major difference: the identified
cDNA clone contains 24 extra base pairs that are inserted
after nucleotide position 11,968 (in PCR IV), GinsA
11,969G
TAT ATT CCG AGT GCG GGT GCA G11,992GT, which lead
to the insertion of extra eight amino acids near the carboxyl-
terminal portion of Drosophila RyR, E3990 Y I P S A G A3997
(Table 2). Twelve additional silent mutations and eight
missense mutations involving changes in single base pairs
were identified, which are probably errors caused by the
PCR procedure. One of the 12 silent mutations,
AGC3AGT12,288, was intentionally designed to replace the
restriction site for NheI with that of SpeI for later subcloning
(see Experimental Procedures).
These six PCR products were subcloned into the pBlue-
script SK() vector and were subsequently linked together
in four ligation steps to produce PCR I-III and PCR IV-V
(Fig. 1). The final plasmid containing the complete Dro-
sophila RyR cDNA sequence was obtained by joining PCR
I-III and PCR IV-V into the pcDNA3.1 expression vector.
Expression and subcellular localization of
Drosophila RyR in CHO cells
For structure-function studies of the Drosophila RyR chan-
nel, three additional expression plasmids were generated.
First, a deletion mutant of Drosophila RyR was obtained
FIGURE 1 RT-PCR cloning of the Drosophila ryanodine receptor cDNA. Six PCR products were generated using forward and backward primers
designed according to the published genomic DNA sequence of Drosophila RyR (Takeshima et al., 1994). These products were subcloned into pBluescript
SK() vector and joined together in four ligation reactions to generate PCRI-III and PCR IV-V. The cDNA fragment carrying the entire sequence of
Drosophila RyR was cloned into the pcDNA3.1 expression vector by ligating PCR I-III and PCR IV-V into the NheI and EcoRI restriction sites.
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through digestion of pcDNA3.1(Drosophila RyR) with
KpnI (see Experimental Procedures). This mutant lacks
amino acids 277-3650 and encodes mostly the transmem-
brane domain of Drosophila RyR at the carboxyl-terminal
end, and thus is named Drosophila RyR-C. Second, the
cDNA sequence for GFP was attached to the 5 end of
Drosophila RyR-C; the resulting construct is named GFP-
Drosophila RyR-C. Third, the GFP sequence was ligated to
the 5 end of the full-length Drosophila RyR to obtain the
GFP-Drosophila RyR fusion construct.
The plasmids encoding GFP-Drosophila RyR-C and
GFP-Drosophila RyR were introduced into the CHO cells
with the LipofectAmine reagent (Bhat et al., 1997b, 1997c).
For positive controls, CHO cells were transfected with
pEGFP-N1 that encodes only GFP. Twenty-six hours after
transfection, the CHO cells expressing GFP, GFP-Drosoph-
ila RyR-C, or GFP-Drosophila RyR were visualized under
a confocal microscope for subcellular localization of ex-
pressed proteins in these cells. As shown in Fig. 2 A, CHO
cells expressing GFP alone exhibit a diffuse pattern of green
fluorescence as expected for a soluble protein, whereas cells
expressing GFP-Drosophila RyR-C and GFP-Drosophila
RyR exhibited fluorescence signals only in certain subcel-
lular areas (Fig. 2, B and C), particularly in the perinuclear
region, indicating that the protein is probably localized in
the endoplasmic reticulum (ER) membrane of CHO cells.
To confirm the expression of Drosophila RyR in CHO
cells, Northern blot analysis was carried out using total
RNA isolated from the parental CHO cells and from cells
transfected with cDNA for Drosophila RyR, Drosophila
RyR-C, or GFP-Drosophila RyR-C, separately. The
mRNA-cDNA hybridization revealed a single band of5.3
kb and 5.2 kb in CHO cells transfected with Drosophila
RyR-C and GFP-Drosophila RyR-C, respectively, and a
band of 15.6 kb in cells transfected with Drosophila RyR
(Fig. 3 A). These sizes are as expected for the mRNA of
Drosophila RyR-C (4.5-kb C-terminal cDNA plus 0.8-kb
N-terminal cDNA; Fig. 3 A, lane 2), GFP-Drosophila
RyR-C (4.5-kb C-terminal cDNA plus 0.7-kb GFP coding
sequence; Fig. 3 A, lane 3), and Drosophila RyR (15.6-kb
cDNA). The parental CHO cells contain no detectable tran-
scripts of Drosophila RyR (Fig. 3 A, lane 1).
The expression of Drosophila RyR in CHO cells was
further examined by Western blot analysis. Because of the
lack of specific antibodies against the Drosophila RyR
protein, we used the GFP-Drosophila RyR and GFP-Dro-
sophila RyR-C fusion constructs, which allowed us to use
antibody against GFP for the detection of expressed pro-
teins. As shown in Fig. 3 B, 24 h after transfection of the
CHO cells with GFP-Drosophila RyR or GFP-Drosophila
RyR-C, a protein band of 590 kDa was observed with
GFP-Drosophila RyR, and 190 kDa was observed with
GFP-Drosophila RyR-C. The cells transfected with GFP
alone exhibited a protein band of 26 kDa. Notice that the
level of protein expression with the full-length Drosophila
RyR is significantly lower than that with the carboxyl-
terminal portion of Drosophila RyR. And furthermore, con-
tinued growth of the cells beyond 72 h resulted in complete
loss of Drosophila RyR protein expression (n  6, not
shown). This is likely due to a certain toxic effect(s) of the
insect RyR on the CHO cells, inasmuch as stable expression
of the mammalian isoforms of RyRs (skeletal and cardiac
RyRs) has been achieved in HEK 293 cells (Gao et al.,
1997; Wayne Chen et al., 1997; Du et al., 1998) and in CHO
cells in our previous studies (Bhat et al., 1997b,c, 1999).
Single-channel measurement with the full-length
Drosophila RyR
The CHO cells expressing the full-length Drosophila RyR
proteins were harvested 24–36 h posttransfection, and mi-
crosomal membrane vesicles were prepared following the
procedure of Bhat et al. (1997a). These vesicles were fused
with the lipid bilayer membrane for measurement of single-
channel activities formed by the Drosophila RyR proteins.
To facilitate identification of the Ca2 release channels, 200
mM Cs-gluconate was used in the recording solution. The
use of Cs as the current carrier allows for buffering of free
[Ca2] to any desired level. In addition, Cs eliminates the K
FIGURE 2 Confocal imaging of
GFP-Drosophila RyR expressed in
CHO cells. Confocal imaging of a
single CHO cell expressing GFP
alone (A), GFP-Drosophila RyR-C
fusion protein (B), or GFP-Drosoph-
ila RyR fusion protein (C). GFP ex-
hibits a diffuse pattern of fluores-
cence, and the signals for both GFP-
Drosophila RyR-C and GFP-
Drosophila RyR are localized to the
perinuclear region. The pictures were
taken 26 h after transfection of the
corresponding plasmids into the
CHO cells.
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channel activities that are present in the ER membranes of
CHO cells. The large anion gluconate does not permeate
through the Cl channels in the microsomal membrane vesicles.
Fig. 4 shows representative single-channel current traces
of the full-length Drosophila RyR with 26 M free [Ca2]
present in the cis-cytoplasmic solution. The channel has fast
kinetics of gating, with fast transitions between the open and
closed states (Fig. 4 A), which are similar to those of the
rabbit skeletal muscle Ca2 release channel expressed in
CHO cells (Bhat et al., 1997b). A characteristic feature of
the Drosophila RyR channel is the frequent appearance of a
subconductance state that seems to be linked to the full open
state of the channel (see also Fig. 5). With 200 mM Cs-
gluconate as the current carrier, the Drosophila RyR chan-
nel exhibits a linear current-voltage relationship, with a
slope conductance of 507  10 pS (Fig. 4 B). This conduc-
tance value is significantly larger than that for the rabbit
skeletal and cardiac Ca2 release channels expressed in
CHO cells (Bhat et al., 1997b,c). Compared with the Dro-
sophila RyR-C channel (see below), a detailed biophysical
characterization of the full-length Drosophila RyR channel
was difficult because of the low-level and transient nature of
FIGURE 3 Transient expression of Drosophila RyR in CHO cells. (A) Northern blot of CHO cells transfected with Drosophila RyR-C (lane 2),
GFP-Drosophila RyR-C (lane 3), or the full-length Drosophila RyR (lane 4). Lane 1: Parental CHO cells. (B) Western blot of GFP-Drosophila RyR and
GFP-Drosophila RyR-C transiently expressed in CHO cells. CHO cells were harvested 24 h after transfection with pcDNA3(GFP-Drosophila RyR) or
pcDNA3(GFP-Drosophila RyR-C). The cells were lysed with the RIPA buffer, loaded onto a 3–12% gradient SDS-polyacrylamide gel, and blotted with
a polyclonal antibody against GFP. Lane 1: Parental CHO cells; lane 2: cells transfected with GFP; lane 3: cells transfected with GFP-Drosophila RyR-C;
lane 4: cells transfected with GFP-Drosophila RyR. Lane 5 contains proteins from CHO cells stably expressing the mammalian skeletal RyR, and was
blotted with a monoclonal antibody against RyR1.
FIGURE 4 Single-channel record-
ing of the full-length Drosophila
RyR. Selected current traces through
the Drosophila RyR channel at dif-
ferent voltages were obtained with 26
M free [Ca2] present in the cis-
cytoplasmic solution (A), and the cor-
responding current-voltage relation-
ship of the channel is shown in B.
The channel had an ohmic conduc-
tance of 507  10 pS with 200 mM
Cs-gluconate as the current carrier.
Notice the frequent transition of the
channel to a subconductance state
(see also Fig. 5). The records were
representative of five other experi-
ments with the full-length Drosoph-
ila RyR channel.
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protein expression in CHO cells. Thus the present study
focused on the functional characterization of the Ca2 re-
lease channel formed by the carboxyl-terminal portion of
Drosophila RyR.
Single-channel recording of Drosophila RyR-C
CHO cells expressing the Drosophila RyR-C proteins were
cultured in a selection media containing G418. Approxi-
mately 5–7 days later, when the cells reached 95% con-
fluence, the cells were harvested and microsomal membrane
vesicles were isolated for the reconstitution studies, using
the lipid bilayer system. Fig. 5 A shows representative
single-channel current traces of Drosophila RyR-C with 26
M free [Ca2] present in the cis-cytoplasmic solution. The
channel has fast kinetics of gating, with average open life-
times of 0.59 ms and 4.33 ms (Fig. 5 E). Similar to the
full-length Drosophila RyR channel, the Drosophila RyR-C
channel also exhibited frequent transitions to a subconduc-
tance state (O1), which appears to be linked to the full open
state of the channel (O4). At 50 mV, the O1 state has a
single-channel current amplitude of 7.80  0.41 pA (n 
9), which is approximately one-fourth that of the O4 state
(27.63  1.10 pA, n  9). This unique subconductance
state of the Drosophila RyR channel is likely due neither to
degradation of the Drosophila RyR proteins nor to incor-
poration of multiple channels into the bilayer membrane,
based on the following studies. First, similar subconduc-
tance states were observed in both the Drosophila RyR and
Drosophila RyR-C channels (see Figs. 4 A and 5 A); second,
both full- and subconductance states were sensitive to inhi-
bition by EGTA (see Fig. 5 B). Furthermore, we have
comparative studies with the mammalian RyR channels
expressed in CHO cells. With experiments conducted under
identical conditions (same protocol of gene transfection,
vesicle isolation, bilayer reconstitution), the close connec-
tion between the full- and subconductance states seen in the
Drosophila RyR channel was rarely observed with the skel-
etal and cardiac RyR channels expressed in the CHO cells
(Bhat et al., 1997b, 1999). These data argue against the
possibility that the subconductance states represent a differ-
ent channel (or multiple channels) incorporated into the
bilayer membrane.
Opening of the Drosophila RyR-C channel requires the
presence of micromolar concentration of Ca2 in the cis-
cytoplasmic solution, as the addition of 20 mM EGTA,
FIGURE 5 Single-channel measurements of the Drosophila RyR-C channel: representative current traces through the Drosophila RyR-C channel with
26 M free [Ca2] present in the cis-cytoplasmic solution (A), after the addition of 20 mM EGTA to the cis solution, which chelates the free [Ca2] to
16 nM and results in complete inhibition of the channel (B). O4 represents the full conductance state (i  25 pA), and O1 is the subconductance state
(i  7 pA) of the channel. Ryanodine (40 M) added to both cis and trans solutions reduced single-channel conductance by 50% and increased the
channel open probability by over 20-fold (C). (D) Dose-dependent activation of the Drosophila RyR-C channel by the cytoplasmic Ca2. The data points
represent mean  SEM (n  4). (E) The open time histogram of the Drosophila RyR-C channel at 50 mV was generated with data obtained from eight
separate experiments at 26 M free [Ca2]. The total number of open events is 4498. The solid line represents the fit according to y  yo1/o1
exp(t/o1)  yo2/o2 exp(t/o2), where yo1 and yo2 represent the proportion of the channel spent in the o1 and o2 states, respectively. The best fit
parameters are yo1  0.538, o1  0.591 ms and yo2  0.462, o2  4.33 ms.
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which chelates the free [Ca2] to 16 nM, results in complete
closure of the Drosophila RyR-C channel (Fig. 5 B). Half-
activation of the Drosophila RyR-C channel requires the
presence of 0.2 M [Ca2] in the myoplasmic solution
(Fig. 5 D). The Drosophila RyR-C channel also retains its
sensitivity to modulation by ryanodine, as the addition of 40
M ryanodine results in significant changes in the gating
properties of the Drosophila RyR-C channel. The ryano-
dine-modified Drosophila RyR-C exhibited a single-chan-
nel conductance that was 30% of the full conductance
state, and the open lifetime of the channel was increased by
over 20-fold (Fig. 5 C).With vesicles isolated from untrans-
fected CHO cells, these typical large-conductance ryanod-
ine-sensitive channels were never observed (Bhat et al.,
1997b).
Fig. 6 shows the effect of increasing concentrations of
cytosolic [Ca2] on the Drosophila RyR-C channel. With
26 M free [Ca2] present in the cis-solution, the Drosoph-
ila RyR-C channel had an average open probability (Po) of
24.9  6.8% (n  12) at 50 mV (Fig. 6, A and C).
Increasing the free [Ca2] to millimolar concentrations did
not result in significant changes in the Po of the Drosophila
RyR-C channel. The traces shown in Fig. 6 B were obtained
with 20 mM free [Ca2] present in the cis solution. Under
this condition, the channel had an average Po of 27.0 
3.5% (Fig. 6 C, n  8). This is in contrast to the Ca2-
dependent inactivation observed with the full-length mam-
malian RyR1 channel expressed in CHO cells (Bhat et al.,
1997a,b). Thus the Drosophila RyR-C channel lacks appar-
ent Ca2-dependent inactivation.
These properties of the Drosophila RyR-C channel are
similar to those of the Ca2 release channel formed by the
carboxyl-terminal portion of RyR1 from rabbit skeletal
muscle (RyR-C) (Bhat et al., 1997b). Both Drosophila
RyR-C and mammalian skeletal muscle RyR-C lack a large
portion of the cytoplasmic domain of the ryanodine receptor
(a.a. 277-3650 in Drosophila RyR and a.a. 183-4006 in
mammalian RyR1), and both of them are capable of forming
functional Ca2 release channels that are sensitive to acti-
vation by cytosolic Ca2 and to modulation by ryanodine.
In addition, both Drosophila RyR-C and mammalian
RyR-C channels appear to lack the Ca2-dependent inacti-
vation mechanism.
Comparison of the Drosophila RyR-C channel
with the RyR-C channel from mammalian cells
In our previous studies with the mammalian RyR1 ex-
pressed in CHO cells, we showed that the RyR-C channel
exhibited inward rectification in its current-voltage relation-
ship (Bhat et al., 1997b). With 200 mM symmetrical Cs-
gluconate as the current carrier, the RyR-C channel had a
linear conductance of 407 pS in the negative voltage range
(Cs ions moving from SR lumen to cytosol) and a linear
conductance of 332 pS in the positive voltage range (Cs ions
moving from cytosol to SR lumen) (see Fig. 7 C). This
inward-rectification behavior was also observed with the
Drosophila RyR-C channel under identical recording con-
ditions, but the Drosophila RyR-C channel differs signifi-
cantly from the mammalian RyR-C channel in terms of
single-channel conductance. The single-channel traces
shown in Fig. 7 A were taken from a Drosophila RyR-C
channel, and the traces shown in Fig. 7 B were taken from
a mammalian RyR-C channel, under identical experimental
conditions. Both inward and outward currents through the
Drosophila RyR-C channel were significantly larger than
those through the RyR-C channel. At 50 mV, the Dro-
sophila RyR-C channel had a single-channel current i 
27.63 1.10 pA, whereas the corresponding value for the
RyR-C channel was i  20.24  0.69 pA (Bhat et al.,
1997b). The complete I-V relationship of the mammalian
and Drosophila RyR-C channels is shown in Fig. 7 C. Here,
the Drosophila RyR-C channel had an inward conductance
of 553 pS and an outward conductance of 442 pS, which are
35% larger than the corresponding values for the RyR-C
channel (Bhat et al., 1997b). The inward conductance of the
Drosophila RyR-C channel is similar to that of the full-
length Drosophila RyR channel (Fig. 4).
FIGURE 6 Ca2-dependent regulation of the Drosophila RyR-C channel: selected single-channel current traces from the same experiment, with 26 M
free [Ca2] (A) or 20 mM free [Ca2] (B) present in the cis solution. (C) The average open probabilities (Po) of the Drosophila RyR-C channel were
calculated from multiple experiments at two different concentrations of [Ca2]. The data represent mean  SEM.
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Divalent-cation selectivity of the Drosophila
RyR-C channel
To further characterize the ion conduction property of the
Drosophila RyR-C channel, experiments were performed
under asymmetrical ionic conditions (Fig. 8). To permit the
presence of Ba in the recording solution, the anion glu-
conate was replaced with methane sulfonate (MES), be-
cause Ba(gluconate)2 is insoluble in H2O at concentrations
larger than 50 mM. Under a Cs concentration gradient of
200 mM (cis)/50 mM (trans), the I-V curve of the Drosoph-
ila RyR-C channel had a reversal potential of Vrev 	 15
mV, suggesting the cation-selective feature of the Drosoph-
ila RyR-C channel (Fig. 8 C). Upon the addition of 100 mM
Ba(MES)2 to the trans solution, both inward and outward
currents decreased. The reversal potential was shifted to the
positive direction (Vrev 	 17 mV) (Fig. 8 C), suggesting
that the Drosophila RyR-C channel is selective for Ba over
Cs ions. Thus the Drosophila RyR-C channel, like to the
mammalian RyR channels, is selective for divalent cations.
DISCUSSION
In this study we have cloned the entire cDNA sequence
encoding the Drosophila ryanodine receptor, using RT-PCR
and cDNA library screening strategies. The Ca2 release
channel function of the cloned Drosophila RyR was exam-
ined in transiently transfected CHO cells. The present study
focused on functional characterization of a deletion mutant
of Drosophila RyR, Drosophila RyR-C, which retains
20% of the Drosophila RyR protein, consisting mostly of
the transmembrane domain at the carboxyl-terminal end.
Using confocal microscopic imaging of CHO cells trans-
fected with GFP-Drosophila RyR and GFP-Drosophila
RyR-C fusion constructs, we showed that the Drosophila
RyR proteins could be expressed in the intracellular mem-
branes of these cells. Using the lipid bilayer reconstitution
method, we found that the Drosophila RyR-C proteins are
capable of forming functional Ca2 release channels that
are selective for divalent over monovalent cations. Opening
of the Drosophila RyR-C channel requires the presence of
micromolar concentrations of Ca2 in the cytosolic solu-
tion, but the channel is insensitive to inactivation by milli-
molar concentrations of Ca2. These results are similar to
those of our previous studies of the carboxyl-terminal por-
tion of the rabbit skeletal muscle Ca2 release channel,
RyR-C (Bhat et al., 1997b). Taken together, our data are
consistent with the current concept that the putative con-
duction pore of the Ca2 release channel is located at the
carboxyl-terminal portion of the RyR protein.
The level of protein expression with the full-length Dro-
sophila RyR is low and transient in the CHO cells, which
prevents us from detailed functional characterization of the
full-length Drosophila RyR channel. In our previous studies
with the skeletal and cardiac RyRs from rabbit muscle, we
were able to generate stable clones of CHO cells perma-
nently expressing the full-length RyR proteins and their
various mutants (Bhat et al., 1997b, 1999). Therefore, the
difficulty with the Drosophila RyR expression is likely due
to the toxic effect of Drosophila RyR on CHO cells. The
primary amino acid sequence of Drosophila RyR is only
45% homologous to those of the mammalian isoforms of
RyRs, and the regions of divergence between the insect and
mammalian RyRs may be responsible for the potential toxic
effect of the insect Ca2 release channels on CHO cells.
Our preliminary study with the full-length Drosophila
RyR channel was carried out with transient expression in
FIGURE 7 Comparison of Drosophila RyR-C with mammalian RyR-C
and I-V relationship of Drosophila RyR-C channel. (A) Selected current
traces from the Drosophila RyR-C channel acquired with a test pulse from
20 mV to 20 mV and from 50 mV to 50 mV, with 200 mM
Cs-gluconate as the current carrier. (B) Representative current traces from
the mammalian RyR-C channel at 50 mV and 50 mV, under experi-
mental conditions identical to those in A. RyR-C is a deletion mutant of
RyR from rabbit skeletal muscle, which lacks amino acids 183-4006 in the
cytosolic domain of mammalian RyR1 (Bhat et al., 1997b). (C) Current-
voltage relationship of Drosophila RyR-C (E) and mammalian RyR-C (‚)
channels. The mean outward and inward conductance values are indicated.
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CHO cells (Fig. 4). To circumvent the problem with the lack
of specific antibodies against Drosophila RyR, we have
generated GFP-Drosophila RyR and GFP-Drosophila
RyR-C fusion proteins. With antibody against GFP, both
GFP-Drosophila RyR-C and GFP-Drosophila RyR proteins
could be detected on the Western blot, although the level of
GFP-Drosophila RyR was significantly lower than GFP-
Drosophila RyR-C (Fig. 3 B). We are currently in the
process of generating a monoclonal antibody that is specific
for the Drosophila RyR protein, to quantify the amount of
Drosophila RyR proteins expressed in the heterologous cell
systems. The availability of such a specific antibody will
also enable us to develop stable cell lines permanently
expressing the Drosophila RyR proteins. The successful
expression of Drosophila RyR in situ will provide a helpful
tool for understanding the toxicological mechanism of ry-
anodine and its derivatives in insect muscle, brain, and other
tissues.
Compared with the RyR channels from mammalian cells,
the Drosophila RyR channel exhibits different conductance
properties. For example, the conductance state of the Dro-
sophila RyR-C channel is significantly larger than that of
the mammalian RyR-C channel (Fig. 5), and furthermore,
the Drosophila RyR-C channel exhibits frequent transitions
to subconductance states. Ryanodine reduced the conduc-
tance of the Drosophila RyR-C to 30% of the full con-
ductance state (Fig. 5 C). This is significantly different from
the effect of ryanodine on the mammalian RyR channels,
where a 50% reduction in single-channel conductance
was observed with both the full-length RyR1 and RyR1-C
channels (Bhat et al., 1997b) and with the full-length RyR2
channel (Bhat et al., 1999). It is possible that the use of
higher concentrations of ryanodine (40 Mwith Drosophila
RyR-C versus 5 M with mammalian RyR1-C) may lead to
reduction of the single-channel conductance, as had been
observed in the studies of Tinker et al. (1996). Alternatively,
the conductance state observed in Fig. 5 C actually repre-
sents one of the subconductance states associated with the
ryanodine-modified channels. The RyR channel from rabbit
skeletal muscle also has been shown to exhibit multiple
subconductance states when modified by ryanodine (Ma,
1993). It is also possible that the lower conductance state of
the ryanodine-modified Drosophila RyR-C channel repre-
sents a structural difference between the mammalian and
insect RyR proteins. These differences could reflect the
differences in the primary structure between the mammalian
and insect RyRs or be due to interaction with accessory
proteins (Brillantes et al., 1994; Qi et al., 1998). It will be
important to know how these accessory proteins, such as
FKBP12, interact differentially with the mammalian and
insect RyRs and contribute to the overall conduction prop-
erties and gating kinetics of the Ca release channels. It is
interesting that both mammalian RyR-C and Drosophila
RyR-C channels exhibit rectification in their I-V relation-
ship, which suggests the role of the cytoplasmic domain of
RyR in the Ca2 release channel function (Bhat et al.,
1997a,b). With the use of a ligand binding assay, it has been
well established that the binding site for ryanodine is lo-
cated within the transmembrane domain of the RyR protein
from mammalian cells (Witcher et al., 1994; Callaway et al.,
1994). It is also known that the cytoplasmic domain of RyR
contributes to the high-affinity binding of ryanodine, be-
cause the truncated RyR exhibits only low-affinity binding
to ryanodine (Ma and Valdivia, unpublished observation).
The primary amino acid sequence of the Drosophila RyR
shares only 45% homology with the mammalian isoforms of
RyRs. There are regions of high divergence between the
mammalian and insect isoforms of RyRs, which could serve
FIGURE 8 Recording of a Drosophila RyR-C channel under asymmetrical ionic conditions: selected current traces through the Drosophila RyR-C
channel under a Cs concentration gradient of 200 mM Cs-methane sulfonate (cis)/50 mM (trans) (A), and after addition of 100 mM Ba (methane sulfonate)2
to the trans solution (B). (C) The corresponding current-voltage relationship of Drosophila RyR-C channel. E, Currents under 200/50 mM Cs-methane
sulfonate; , currents after the addition of 100 mM Ba(methanesulfonate)2 to trans solution.
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as potential targets for the potent insecticides that interact
specifically with the insect but not the mammalian isoforms
of RyR. These regions are located mostly in the cytoplasmic
domains (such as a.a. 1, 167–1, 199, etc). The availability of
the cDNA for Drosophila RyR opens a new avenue for
future structure-function studies with the insect RyR/Ca2
release channels. It will be interesting to know the role the
high-divergence region(s) play in the function of the insect
RyR channels.
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